Regulation of Aspartokinase in Azotobacter Species
Aspartokinase activity was regulated by feedback inhibition in members of the genus Azotobacter. In five species the enzyme was inhibited by L-threonine and by L-lysine. The sensitivity of the enzyme to L-threonine was much higher than its sensitivity to L-lysine. Aspartokinase was also subject to concerted feedback inhibition by low concentrations of both of these amino acids. Six strains of Azotobacter chroococcum, A . vinelandii and A . beijerinckii possessed a similar regulation pattern, which differed from that found in A. macrocytogenes and A. insignis. The taxonomic value of the pattern of inhibition of aspartokinase in the genus Azotobacter and its relation to other genera is discussed.
I N T R O D U C T I O N
Aspartokinase (ATP : ~-aspartate-4-phosphotransferase, EC 2.7.2.4) is in bacteria the first enzyme on the branched biosynthetic pathway, leading from aspartate to the end-products : L-lysine, L-methionine, L-threonine and L-isoleucine (Truffa-Bachi & Cohen, I 968).
Aspartokinase activity is regulated by different mechanisms in different bacterial genera. One mechanism is the independent end-product control of isofunctional aspartokinases which was demonstrated in Enterobacteriaceae (Stadtman, Cohen, Le Bras & de RobichonSzulmajster, 1961 ; Patte, Le Bras & Cohen 1967; Cohen, Stanier & Le Bras, 1969; Cafferata & Freundlich, I 969) . Another mechanism, viz. the control by concerted feedback inhibition of a single aspartokinase, seems to be far more widespread among procaryotic organisms (Datta & Gest, 1964; Paulus & Gray, 1964) .
Within different bacterial genera, namely Bacillus (Gray & Bernlohr, I 969 ; Kuramitsu, 1970) , purple photosynthetic bacteria (Datta, 1969) , Pseudomonas (Cohen et al. 1969 ; Robert-Gero, Poiret & Cohen, 1970) and others (Nakayama, Tanaka, Hagino & Kinoshita, 1966; Shiio & Miyajima, 1969) , the sensitivity of the single aspartokinase to its allosteric effectors varies considerably. The variations in the behaviour of the aspartokinase was shown to have taxonomic implications in the classification of Enterobacteriaceae, Pseudomonas and the genus Aeromonas (Cohen et al. 1969) .
Some other examples of species-specific regulatory mechanisms among bacteria are (a) the control pattern of the arginine biosynthetic pathway (Udaka, 1966) , (b) the allosteric control patterns for 3-deoxy-~-arabinoheptulosonate-7-phosphate (DAHP) synthetase (Jensen & Stenmark, 1970) and (c) the control mechanisms operative in some catabolic pathways (Canovas, Ornston & Stanier, 1967) .
In the classification of the genus Azotobacter some confusion has been created by the contradiction that exists between the morphology and physiology of different species. 
By this criterion, the first two groups are as far removed from each other as is Pseudomonas from Escherichia (De Ley & Park, 1966) .
Metabolic pathways employed by strains of the genus Azotobacter for the oxidation of aromatic substances also proved to be a useful criterion whereby Azotobacter chroococcum, A . vinelandii and A . beijerinckii could be distinguished from A. agilis (Hardisson, SalaTrepat & Stanier, 1969) .
The purpose of our experiments was to investigate the patterns of regulation of aspartokinase in Azotobacter, and to search for differences in these patterns which might fit the prediction of the 'molecular biological taxonomy' of De Ley & Park (1966).
M E T H O D S
Organisms. The strains used have the following origins and designations : Azotobacter chroococcum strain 203 and A. vinelandii strain 206 were derived from the Coleccion Espanola de Cultivos Tipo, C.S.I.S., Madrid, Spain. Azotobacter vinelandii strain c-14 was the gift of Professor J. P. Voets (Agricultural University, Ghent, Belgium). Azotobacter chroococcum strain I.P. was from the Department de Microbiologie du Sol, Institut Pasteur, Paris, France. Azotobacter beijerinckii strain 9067, A. beijerinckii strain 8948, A. macrocytogenes strain 8200, A. macrocytogenes strain 9128 A. agilis strain 8637 and A. insignis strain 9127 were from the National Collection of Industrial Bacteria (N.C.I.B.) Aberdeen, Scotland.
Growth media and culture conditions. A modification of Burk's nitrogen free medium (Burk & Lineweaver, 1930) was used for the cultivation of the Azotobacter strains. It had the following composition (mg./l.) : KH,P04, 200; K,HP04, 800; MgSO, . 7H,O, 100; CaCl,, 50; FeSO,. 7H20, 20; MnSO,, H20, I ; Na,MoO, . aH,O, 25. To avoid precipitation the solution of CaCl, was separately autoclaved and added immediately before inoculation. The final pH was 7.3.
The organic carbon and energy sources, i.e. disodium-succinate, mannitol or glucose (at 20 mM), were added to the mineral basal medium as concentrated sterile stock solutions. The amino acids used for the repression experiments were sterilized by filtration through Millipore filters and were added to the culture media at a concentration of 5 mM. Shaken liquid cultures were incubated aerobically at 28'. Growth was determined turbidimetrically at 660 nm.
Chemicals. All chemicals were of the highest purity available. The salts, magnesium Titriplex (dipotassium-magnesium salt of ethylene diamine tetraacetic acid), hydroxylamine, mannitol, glucose and the amino acids (with the exception of L-aspartic acid which was from Calbiochem) were purchased from E. Merck A.G. (Darmstadt, Germany).
The sodium salt of ATP was a product of Schwarz (France). Tris-(hydroxymethyl) aminomethane came from Fluka (Switzerland). DL-P-aspartylhydroxamate and DL-homoserine were purchased from Sigma Chemical Co. Dithiothieitol (Cleland's reagent) and succinic acid disodium salt came from Calbiochem, U.S.A.
Preparation of cell-free extracts. All cultures were harvested during exponential growth. After centrifugation, the bacterial pellets were suspended in the following buffer: 0.02 M potassium phosphate (pH 7.2) containing I 50 mM-KC1 and 2 mwmagnesium Titriplex.
After washing, the pellets were resuspended in a buffer solution of the following composition : 0.1 M-potassium phosphate (pH 7.2) containing 300 mM-KCl, 2 mwmagnesium Titriplex, 5 mM-potassium L-aspartate, I o mM-DL-homoserine and I mwdithiothreitol, and were sonically disrupted for 10 min. using an MSE IOO W ultrasonic disintegrator. The probe was prechilled and the samples were cooled in ice during sonic treatment. The broken-cell suspension was centrifuged at IOO,OOO g for 60 min. in a Martin Christ Omikron refrigerated ultracentrifuge at 4'. The concentration of protein in this extract was 20 to 30 mg./ml.
This extract was used directly for the determination of enzymic activities. In a few cases, when the specific activity was too low, the extract was fractionated with ammonium sulphate, and the fraction which precipitated between 25 and 50 yo of saturation was collected and redissolved in a minimal amount of the buffer mentioned above.
Enzyme assay. The activity of aspartokinase was measured as described by Stadtman et al. (1961) . The amount of aspartylhydroxamate produced was calculated using a standard curve prepared with synthetic DL-P-aspartylhydroxamate.
One unit of enzyme is defined as the amount which produces I nrnole of aspartylhydroxamate/min. under these assay conditions. Specific activity is expressed as units/mg. protein.
Protein was estimated by the biuret method (Gornall, Bardawill & David, 1949) . Table I , specific activities of the enzymes were between 12.5 and 16.7 (unitslmg. protein) in the species Azotobacter chroococcum, A . beijerinckii and A . insignis.
RESULTS

As indicated in
The specific activity of the enzyme in A. vinelandii and A . macrocytogenes was about 50% lower. Surprisingly, in A. agilis we were unable to detect any aspartokinase activity, even after several attempts. The K, values of the enzymes for their substrates varied from 2 to 8 x I O -~ M for L-aspartate and between 2 and 6 x I O -~ M for ATP. Table 2 shows that the aspartokinases of all five Azotobacter species studied were inhibited by L-threonine. The species can be divided into two groups depending on the sensi-tivity of their aspartokinases to this amino acid. In the first group, consisting of Azotobacter chvoococcum, A . vinelandii and A. beijerinckii, the aspartokinases were about equally sensitive to inhibition by L-threonine, whereas the aspartokinases of the second group, i.e. A . macrocytogenes and A . insignis, were much less sensitive to this inhibitor. L-Threonine Fig. I shows one of these curves obtained with the aspartokinase of A . chroococcum I.P. The inhibition of this enzymes by L-threonine was non-competitive with respect to either substrate (see Fig. 2 and 3, curves 3 ).
Aspar to kinase in Azo to bac ter I93
Aspartokinase in Azotobacter appears to be much less sensitive to L-lysine than to Lthreonine inhibition (Table 3) ; 10 mM-L-lysine inhibited the enzyme by 58 to 70 yo in Azotobacter chroococcum, A . vinelandii and A . beuerinckii, and only by 38 to 40% in A . insignis and A . macrocytogenes. Lysine ( I mM) had no effect on the aspartokinase of either strain, whereas the same concentration of L-threonine inhibited the enzyme by 88 to 97% in the first group and by 62 to 65% in the second. The inhibition curve obtained with increasing L-lysine concentrations with the aspartokinase of A . chroococcum I . P . is shown in Fig. 4 . The curve is again sigmoidal, indicating co-operativity in the effect of both end products.
As was the case with L-threonine, inhibition by L-lysine was non-competitive with respect to either substrate, as shown by the Burk & Lineweaver (1930) plots (Fig. 2 and 3, curves 2) . When low concentrations of L-lysine and L-threonine (which individually produced little 
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or no inhibition) were simultaneously added to the crude extract-of any Azotobacter strain very strong concerted inhibition of the aspartokinase occurred ( Table 4) . The inhibition was non-competitive with either L-aspartate or ATP as substrates ( Fig. 2 and 3, curves 4) . The two other ultimate end-products, i.e. L-methionine and L-isoleucine at a concentration of 10 mM did not inhibit the aspartokinase activity of any strain. 
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Aspar tokinase in Azo to bac ter
To determine whether synthesis of aspartokinase was controlled by repression, Azotobacter chroococcum I.P. was grown in the presence of the various end products. As shown in Table 5 , synthesis of the enzyme was not significantly repressed when the organism was grown under these conditions. The strongest repression (26 yo) was provoked by L-methionine though inhibition of growth was observable in the presence of either 5 mM-L-methionhe or 5 mhl-threonine (Table 5 and Fig. 5) . 
DISCUSSION
The following general conclusions can be drawn from these results. All of the strains investigated seemed to possess a single aspartokinase which is totally inhibited by high concentrations of L-threonine and is subject to concerted feedback inhibition by low concentrations of L-lysine plus L-threonine. No inhibition was observed with the two other end products, L-methionine and L-isoleucine, alone or in association with the other two amino acids.
With respect to their sensitivity to individual end products inhibition the aspartokinases of species of Azotobacter can be divided into two groups: (I) those of Azotobacter chroococum, A . vinelandii and A . beijerinckii showed very similar and high sensitivity towards L-threonine and L-lysine; (2) those of A . macrocytogenes and A . insignis were much less sensitive to the same inhibitors.
Azotobacter agilis should be further investigated to explain its lack of aspartokinase activity.
The regulation pattern found in Azotobacter and especially in the group Azotobacter chroococcum-A. vinelandii-A. beijerinckii closely resembled the pattern found in the fluorescens group of aerobic pseudomonads.
A similar study was made of the homoserine dehydrogenases of the same strains of Azotobacter. Although these enzymes were subject to feedback inhibition by L-threonine and L-isoleucine and their synthesis was somewhat repressed by growth in the presence of either L-isoleucine (5 mM) or L-methionine (I mM), the pattern of their regulation was so alike as to be of little taxonomic significance. Only the ratio of their specific activities with NADPH/NADH were in any way distinctive, being 1-5 to 1-69 in the group Azotobacter chroococcum, A . vinelandii and A . beijerinckii, and 3.3 to 3.8 in A. macrocytogenes and A. insignis. No homoserine dehydrogenase activity was detected in extracts of A. agilis.
Bacteria have achieved great diversity through evolution and can differ by as much as 95% in the structure of their DNA as shown by hybridization techniques (De Ley, 1968) . Thus it is interesting to note that thePseudomonas DNA isolated from Pseudomonas fluorescens and from P. putida is about 40 to 50 yo hybridizable with DNA from groups I and
